The ''master clock'' in the suprachiasmatic nucleus (SCN) of the hypothalamus controls most behavioral, physiological, and molecular circadian rhythms in mammals. However, there are other, still unidentified, circadian oscillators that are able to carry out some SCN functions. Here we show that one of these, the methamphetaminesensitive circadian oscillator (MASCO), which generates behavioral rhythms in the absence of the SCN, is based on an entirely different molecular mechanism. We tested mice lacking, or with mutations of, genes that form the canonical circadian machinery. In all cases, animals that were arrhythmic as a consequence of genetic defect expressed circadian locomotor rhythms when treated with methamphetamine. These results strongly support the hypothesis that the mechanism generating MASCO does not involve the molecular feedback loops that underlie canonical circadian rhythmicity. The properties of MASCO may provide insight into the evolution of circadian mechanisms. Importantly, MASCO may play a role in addiction to psychostimulants.
T
he dominant circadian pacemaker in the mammalian brain is contained within the suprachiasmatic nucleus (SCN) of the hypothalamus (1, 2) . However, if the SCN is ablated by lesion or suppressed by constant bright light, resulting in arrhythmic locomotor behavior, circadian rhythmicity can be reconstituted with methamphetamine (3, 4) . Arrhythmic, SCN-lesioned rats (SCNX) (3) and mice (4) given ad libitum access to drinking water containing a low dose of methamphetamine produce clear, robust locomotor rhythms with circadian periods that are considerably longer than those of intact animals drinking pure water. Such methamphetamine-induced rhythms continue under constant conditions as long as the drug is present in the drinking water and often for several cycles after its removal (4) . These experiments, together with the appropriate controls (3, 4) , demonstrate that these rhythms are not the result of a non-oscillating ''hourglass'' but rather constitute clear evidence of the existence of an effective circadian pacemaker outside the SCN. We have called this pacemaker the methamphetamine-sensitive circadian oscillator (MASCO) and are studying its properties.
As yet very little is known about MASCO despite overwhelming evidence of its existence. Its location is unknown, although it would be surprising if it were not somewhere in the brain, perhaps associated with dopaminergic and/or serotonergic pathways. Parsimony would suggest that it might be generated by the same molecular feedback loops that produce circadian rhythmicity in the SCN itself and in many peripheral cells, tissues, and organs. However there is reason to believe that this may not be the case. Mice carrying the Clock⌬19 gene mutation and others in which the 2 cryptochromes have been knocked out have arrhythmic phenotypes in constant conditions but become rhythmic when given methamphetamine (5, 6) . These data suggest that the molecular events that underlie MASCO may differ substantially from those that generate canonical circadian oscillations. The extent of this potential difference is important. Is MASCO a modified canonical circadian oscillator, or is it based on a radically different molecular mechanism? The available data are not sufficient to decide between these alternatives. We know that in CLOCK-deficient mice, NPAS2 can substitute for this core protein (7) ; indeed, even in wild-type mice, NPAS2 replaces CLOCK functionally in the forebrain (8) . A similar situation might exist for 1 or both of the CRY proteins (only 1 of which is necessary for rhythmicity). Therefore, the molecular mechanism of MASCO might be similar to the canonical mechanism with 2 substituted proteins, 1 of which could be NPAS2. We cannot test these possibilities directly because we do not yet know where in the brain to look for such substitute proteins. However, it is possible to assess the involvement of other known circadian genes in MASCO. We have done so by using both circadian mutants and knockout animals. In all cases, the affected animals continue to respond to methamphetamine, suggesting that MASCO is indeed radically different from known circadian oscillators.
Results
We assessed the effects of methamphetamine in mice with defects in the well-known canonical circadian clock genes (Per1, Per2, Cry1, Cry2, Bmal1, Npas2, Clock, and Ck1), some with lesions of their SCN. All circadian mutants and knockouts tested exhibited methamphetamine-induced changes in their free-running rhythms. Rhythmic mutants had lengthened circadian free-running periods () in the presence of methamphetamine, and arrhythmic mutants and SCNX animals became rhythmic on methamphetamine. The lengths of free-running periods (as measured by running-wheel activity or, in the case of Bmal1 knockouts, general locomotor activity) before and during methamphetamine treatment are presented in Table 1 .
Clock-mutant mice (both heterozygotes and homozygotes) exhibited the anticipated phenotypes before methamphetamine administration (9): long free-running rhythms of wheel-running activity. The of these mice became longer yet following 0.005% methamphetamine treatment (administered chronically in the drinking water (Fig. 1) . Additionally, none of the Clock homozygous mutant mice became arrhythmic while treated with methamphetamine, as would be expected had they been held on pure water in constant darkness (DD) for that long (Ϸ 7 weeks). In fact, rhythmicity in these animals persisted for at least 10 (and in 1 case for as many as 29) days following methamphetamine removal.
Tau-mutant mice exhibited the expected free-running periods (10) . As expected, the circadian periods of Tau heterozygotes were 2 h shorter, and those of Tau homozygotes were Ϸ 4 h shorter than those of wild-type animals. While on 0.005% methamphetamine, however, the free-running periods of Tau-mutant mice lengthened significantly (Fig. 2) . Some of the mice exhibited multiple freerunning components that seemed to influence each other but did not share the same period length (i.e., the free-running components were relatively coordinated). Relative coordination between these components (1 of which may be driven by the SCN and 1 by MASCO) may explain the shifts in phase that occurred, seemingly spontaneously, in some animals (Fig. 2, A and C) . SCNX Tau homozygotes were arrhythmic before methamphetamine administration. Methamphetamine induced rhythmicity in these mice: 1 animal free-ran with a period of 31.00 h, the other with a period of 37.17 h (Fig. 3) .
Npas2
Ϫ/Ϫ mice lengthened their free-running periods during 0.005% methamphetamine treatment (Fig. 4) . Arrhythmic SCNX Npas2 Ϫ/Ϫ mice became rhythmic following the application of methamphetamine, sometimes demonstrating multiple freerunning components (Fig. 4) .
Ϫ/Ϫ , and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ mice were all arrhythmic before treatment with methamphetamine, consistent with previous reports (11) (12) (13) . All these animals became rhythmic on methamphetamine. Per1 Ϫ/Ϫ /Per2 Ϫ/Ϫ mice exhibited varied freerunning periods on 0.005% methamphetamine; during the last 2 Mean (Ϯ SEM) or range of the dominant free-running periods observed on pure water (baseline) and on 0.005% methamphetamine. Mean on MA for Bmal1-knockout (Bmal1 Ϫ/Ϫ ) mice represents the average of the longest freerunning periods observed for a given mouse. The range for Cry1/Cry2 Ϫ/Ϫ mice (intact) represents free-running periods throughout the duration of methamphetamine treatment (free-running period was measured following 1 week, 2 weeks, 4 weeks, 6 weeks, and Ϸ 7 weeks on 0.005% methamphetamine). All other means on methamphetamine represent the average free-running period during the last 2 weeks of methamphetamine treatment. Note that not all genotypes were on methamphetamine for the same length of time but instead were treated until a stable free-running period was achieved. * , For all mutations that free-ran on pure water, the free-running period was significantly longer on 0.005% methamphetamine (P Ͻ 0.05). For comparison, the free-running period of untreated, wild-type C57BL/6 mice is Ϸ 23.6 h; when mice were treated with 0.005% methamphetamine, the period lengthened to Ϸ 24. in h is listed along the bottom of each actogram. Baseline was calculated in DD before drug administration. The methamphetamine s were calculated using the last 2 weeks of drug treatment and are represented in the periodograms (B and D). Methamphetamine use significantly lengthened in Tau-mutant mice (F (1, 19) ϭ 18.104, P Ͻ 0.05). The effects of methamphetamine administration did not differ by genotype (heterozygote or homozygous Tau mutation). Note that the heterozygote animal (A) was on methamphetamine for many days before a substantial lengthening of the free-running period was achieved. ; the x-axis has been changed to 37.17 h to aid in visualizing rhythmicity. Actograms are double plotted. The arrow indicates the period of drug administration (0.005% methamphetamine). Baseline was calculated in DD before drug administration. The methamphetamine was calculated using the last 2 weeks of drug treatment and is represented in the periodogram (C). A significant peak is observed at 37.17 h.
weeks of drug treatment, the range of free-running periods was 21.0-33.5 h (Fig. 5) .
During pilot studies, beginning methamphetamine treatment at the 0.005% concentration proved lethal for a number of the Bmal1-knockout mice; these animals therefore were started on a lower dose of methamphetamine (0.0035% methamphetamine), and the dose was increased to 0.005% methamphetamine after 1 month (any animals that did not survive at least 2 weeks into the 0.005% methamphetamine treatment were excluded from analyses). Methamphetamine induced locomotor rhythmicity in Bmal1 Ϫ/Ϫ animals. One animal displayed a free-running period close to 24 h while on 0.0035% methamphetamine and during the first 10 days of 0.005% methamphetamine administration. This animal's period lengthened to 36.67 h after Ϸ 2.5 weeks of 0.005% methamphetamine (Fig. 6) . Another animal exhibited a period of 24.50 h after Ϸ 3 weeks of 0.005% methamphetamine. All other animals displayed transient, extremely long periods (Ͼ 30 h) of locomotor activity while on 0.005% methamphetamine but did not display robust rhythms at the lower concentration of methamphetamine. Wild-type animals (n ϭ 5) were rhythmic with lengthened periods on 0.0035% and 0.005% methamphetamine.
Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice had long periods of circadian locomotor activity while on 0.005% methamphetamine (Fig. 7) . For some animals rhythmicity was not achieved for several weeks, and in some cases the observed rhythms were transient. After Ϸ 12 weeks on 0.005% methamphetamine, the dose was increased to 0.010% to determine if a further increase in drug would lengthen the period further. The increased dose resulted in a dramatic increase in period length for 1 animal, but all other animals became arrhythmic at the higher dose. SCNX Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice were arrhythmic on pure water and became rhythmic on 0.005% methamphetamine (Fig. 8) . Observed free-running periods after 1 month of 0.005% methamphetamine treatment were in the range of 23.17-35.83 h.
Discussion
Methamphetamine has several robust effects on overt circadian locomotor rhythms in rats and mice. In intact animals it alters locomotor activity patterns, sometimes causing the rhythm to separate into long and short components and often yielding long free-running periods of locomotor activity (4, 14, 15) . In arrhythmic animals, whether the arrhythmicity is caused by SCN lesion (3, 4) , Methamphetamine use significantly lengthened in intact Npas2 Ϫ/Ϫ mice (t ϭ Ϫ4.384, P Ͻ 0.05). The SCNX animal had no significant free-running period in DD before drug administration; however, note the weak 24-h rhythm following methamphetamine removal. During methamphetamine treatment a significant peak is observed at 27.67 h with a smaller peak at 34.24 h (D).
constant light (4), or, as in the current study, by mutation or knockout of critical canonical clock genes (5, 6), methamphetamine administration produces rhythms of locomotor activity with circadian properties. This remarkable result was first observed in SCNX rats and led to the suggestion that the overt rhythms were driven by a circadian oscillator in an unidentified location outside the SCN (3). The work reported here was undertaken to test the hypothesis that this oscillator uses the well-known canonical circadian clock genes (Per1, Per2, Cry1, Cry2, Bmal1, Npas2, Clock, and Ck1) to generate its oscillation. We tested the effects of methamphetamine on mice carrying mutations in Clock and Ck1, Bmal1 and Npas2 knockouts and double Per1/Per2 and Cry1/Cry2 knockouts. In no case did the genetic alteration abolish the effect of methamphetamine; mice that were rhythmic on pure water (Npas2 Ϫ/Ϫ , Taumutants, and Clock mutants) lengthened their free-running periods in the presence of methamphetamine, whereas those that were arrhythmic (Per1 Ϫ/Ϫ /Per2 Ϫ/Ϫ , Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ , and Bmal1 Ϫ/Ϫ mice) became rhythmic under the influence of methamphetamine. Thus we can conclude that the molecular mechanism that underlies MASCO differs substantially from that which produces canonical circadian oscillations in the SCN and many peripheral cells and tissues. The response to the removal of methamphetamine (MA) varied. Clock homozygous mutants remained rhythmic for several days, and sometimes for weeks, following the removal of the drug. Likewise, several of the Clock heterozygotes maintained somewhat longer periods even after several weeks on pure drinking water. Most other intact animals reverted to their previous free-running periods very quickly. In some cases SCNX animals displayed weak rhythmicity for a few cycles after methamphetamine removal. This persistence of rhythmicity in the absence of drug has been reported previously (4) and is further evidence that MASCO is an endogenous oscillator.
The ability of methamphetamine to induce circadian rhythms in the absence of the SCN and known critical components of the molecular circadian clockwork demonstrates the existence of 2 separate oscillators: the canonical (SCN-driven) circadian oscillator and the methamphetamine-sensitive circadian oscillator. These oscillators seem to be both molecularly and anatomically distinct. They are, however, coupled under some conditions. This distinction can be observed best in intact mice, which sometimes demonstrate 2 relatively coordinated free-running components, 1 of which seems to be driven by the SCN, whereas the other has a long period characteristic of MASCO (see figure 1 A in ref. 4) . The free-running period on methamphetamine is longer for SCNX animals than for intact animals (4), further demonstrating that in the presence of the SCN, MASCO interacts with the circadian clock in the SCN.
The coupling between MASCO and the SCN may be at least partially dependent on canonical clock genes. This dependence might account for the observed variation in the period-lengthening effect of methamphetamine among genotypes (see Table 1 ). Similarly, the free-running periods of many of the circadian mutants on methamphetamine were longer than would be expected for an intact wild-type mouse (4). Npas2-null mice, which have the weakest circadian phenotype of the mutants we tested (i.e., their freerunning periods are closest to those of wild-type animals), experienced the smallest change in , whereas mice carrying mutations causing more severe circadian phenotypes had longer free-running periods on methamphetamine. Some Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice had periods as long as 35 h, and the average free-running period for Bmal1-null mice was longer than 32 h. These long free-running periods could be the result of mutations in canonical clock genes altering interactions between the SCN and MASCO. If so, one would expect a different free-running period in SCNX Cry1 Ϫ/Ϫ / Cry2 Ϫ/Ϫ mice than in intact mice of the same genotype. Our limited sample suggests that this might be the case.
The relationship between the free-running periods of the canonical and methamphetamine-sensitive circadian oscillators is not linear, as illustrated by the results obtained in Tau homozygous mutant mice. These mice free-ran at 20.11 h before drug treatment, and the period lengthened to 25.86 h on methamphetamine, even longer than the free-running period of wild-type mice on methamphetamine (24.04-24.17 h; ref. 4) . Thus, although the mutation in Ck1 shortens the period of the canonical circadian oscillator, it does not shorten the period of MASCO in the same animal, supporting the conclusion that MASCO and the canonical circadian clock are mechanistically distinct.
Importantly, although methamphetamine induced rhythmicity in Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice, the free-running periods observed were not always consistent and sometimes alternated with periods of ar- Fig. 7 . Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mouse on methamphetamine (MA). Double-plotted actograms from an intact Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mouse before methamphetamine treatment (A) and during the last 2 weeks of drug treatment (B). This animal had no significant free-running period in DD before drug administration but takes on a long free-running period in the presence of 0.005% methamphetamine, as shown in the periodogram (C). A significant peak is observed at 29.17 h. 
Ϫ/Ϫ mice did not become rhythmic in the presence of methamphetamine, whereas all the mice we tested exhibited at least transient periods of rhythmicity. The concentration of methamphetamine we used was twice that used by Honma et al. (5) , and the difference in dose probably explains the different result. The observed free-running rhythms in Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice make it clear that cryptochromes are not necessary for the expression of MASCO, although rhythmicity is less consistent in Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ animals than in wild-type mice on methamphetamine. This inconsistency might result from an effect of cryptochromes on general locomotor activity, or it could point to a role for cryptochromes in the stability of MASCO itself.
A possible interpretation of the effects of methamphetamine on mutant mice is that methamphetamine amplifies low-level signals still produced by the mutant SCN and thus ''restores'' locomotor rhythmicity. To test this interpretation, we made SCN lesions in Tau-mutant, Npas2 Ϫ/Ϫ , and Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice. In no case did SCN lesion eliminate the response to methamphetamine. In fact, the rhythms of SCNX Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ mice on methamphetamine are more robust than those of intact mice of the same genotype. The same effect was observed in Npas2 Ϫ/Ϫ animals, which had freerunning periods on methamphetamine that were, on average, several hours longer after SCN lesion. These results suggest that the SCN may partially inhibit methamphetamine-induced expression of circadian locomotor rhythms and underscore the importance of understanding the interaction between the canonical circadian oscillator and MASCO.
Bmal1 Ϫ/Ϫ mice often are small and weak and do not do well on running wheels. It therefore was necessary to measure their circadian behavior using infrared beam breaks. Methamphetamineinduced lengthening of (for wild-type mice) and induced rhythmicity (for Bmal1 Ϫ/Ϫ mice) was observed easily using this measure of locomotor activity. It has been suggested that the presence of a running wheel may be necessary to observe a methamphetamineinduced effect on circadian locomotor behavior (16) . Our data do not support this suggestion.
Our data demonstrate that the canonical molecular circadian feedback loop is not necessary for the generation of circadian locomotor rhythmicity by methamphetamine. We tested mice with mutations or deletions in both the positive (Clock, Npas2, Bmal1) and negative (Per, Cry) limbs of the canonical circadian molecular loop and failed to abolish methamphetamine-sensitive circadian locomotor activity. Although negative results would be difficult to interpret, the observation of MASCO in animals with a variety of circadian defects suggests that this oscillator is able to operate without input from known circadian machinery. We conclude that MASCO is an independent oscillator capable of inducing locomotor rhythms in the circadian range.
Because methamphetamine never has been part of the natural environment of rodents, MASCO probably has a normal function unrelated to drugs of abuse. We do not know what that function is. The ability of MASCO to interact with the SCN suggests that it normally might work with the canonical circadian system to fine-tune rhythmic outputs, particularly those that respond to rewarding stimuli such as food. Indeed, it is reasonable to suggest that MASCO is identical to the food-entrainable oscillator, which also does not require (at least some) canonical clock genes (17) . Although in some cases the free-running periods elicited by methamphetamine were very long, most animals displayed a free-run between 25 and 29 h. This period is longer than the SCN-driven oscillations produced in most mammals, but it is not outside the biological range for circadian rhythms. Some fungi, for example, exhibit rhythms with periods longer than 30 h (18) . Further research on MASCO is likely to provide insight into the function and, perhaps, the evolution of biological oscillators. Moreover, the existence of MASCO reveals a strong, and unexpected, effect of psychostimulants: their ability to alter dramatically and even to induce circadian rhythms. These findings may change our understanding of the development and symptomology of substance abuse and potentially could influence its treatment. MASCO provides a new window into the interaction of circadian rhythms and drugs of abuse (19) (20) (21) . Determining its location in the brain and its mechanistic basis may provide insight into mechanisms of addiction.
Materials and Methods
Subjects. All mice were obtained from breeding colonies housed at the University of Virginia. Npas2-knockout mice and Per1 Ϫ/Ϫ /Per2 Ϫ/Ϫ mice were maintained by null/null crosses. All other animals were obtained from crosses with at least 1 wild-type allele for the gene of interest. The offspring then were phenotyped and/or genotyped by PCR before entering the experiments. Per1 Ϫ/Ϫ /Per2 Ϫ/Ϫ animals were maintained on a mixed genetic background; all other strains were on a C57BL/6 background (although the number of backcross generations was not consistent among all genotypes). Colony founders were generously donated by Joseph Takahashi Animal Housing. Animals were housed individually in Nalgene cages with food and water available ad libitum. With the exception of the Bmal1 Ϫ/Ϫ mice, all animals' cages were equipped with running wheels. Because the presence of a running wheel increased mortality in Bmal1 Ϫ/Ϫ mice, these animals and a cohort of wild-type controls were housed in cages equipped with Quorum passive infrared devices (Electronic Goldmine) to monitor general cage activity. All activity data were recorded using ClockLab software (Actimetrics). Animals were kept on a 12 h:12 h light:dark cycle before experimental manipulation. During the light phase, light intensity at the level of the animals' cages was Ϸ 350 lux.
SCN Lesion
Procedure. Animals were anesthetized with isoflurane. Bilateral electrolytic lesions of the SCN were made by passing 1.1-mA DC current through a Teflon-coated (0.5-mm exposed tip) tungsten wire electrode for 20 s. For an animal with a bregmaϪlambda distance of 3.8 mm, the electrode was placed 0.30 mm rostral, 0.25 mm lateral, and 6.00 mm ventral to the bregma. The rostral and ventral coordinates were adjusted based on the bregma-lambda distance of a given animal. Animals recovered for at least 1 week before the start of the experimental paradigm. Lesions were confirmed by observation of arrhythmic behavior or, for arrhythmic mutant animals, by histology. For histological verification, tissue was fixed with 4% paraformaldehyde, brains were sliced, and tissue was stained with thionin to determine the structural extent of the lesion. Lesions were considered successful if cell damage extended across the bulk of the SCN.
Methamphetamine Treatment. Animals were released into DD for Ϸ 2 weeks to assess arrhythmicity or to obtain a baseline free-running period. Animals' drinking water then was replaced with a solution containing 0.005% methamphetamine (Sigma). Bmal1 Ϫ/Ϫ mice and wild-type controls were started on a lower dose of methamphetamine (0.0035%) for the first 4 weeks; then the dose was increased to 0.005%. The lower dose was administered first to reduce the potential for methamphetamine-induced mortality in the Bmal1-null mice, which generally are weak and are particularly sensitive to the toxic effects of methamphetamine. All groups of mice were maintained on the methamphetamine water until they developed a stable pattern of locomotor activity (for most genotypes this pattern took approximately 40 -60 days). Unless otherwise noted, animals then were given pure drinking water and monitored until they again achieved a stable circadian behavioral pattern or arrhythmicity.
Analyses. Activity data were double plotted in actograms using a 10-min block size. The circadian period was evaluated using ClockLab (Actimetrics). 2 periodogram analyses were performed on at least 1 week of continuous data over a range of 16 -42 h, with alpha set at 0.01. Because in most cases a week or more of drug treatment was needed before a change in the free-running period was observed, the reported period lengths on methamphetamine reflect the dominant free-running period during the last 2 weeks of drug treatment, unless otherwise noted. When multiple significant period lengths were observed, the reported reflects the most robust peak (i.e., the period length with the largest amplitude above significance). Comparisons between period lengths before and after drug treatment were done by t test; comparisons involving multiple mutant alleles (i.e., both heterozygous and homozygous mice) were made using a repeated measures analysis of variance. In all cases P Ͻ 0.05 was considered significant.
